A new type of rotary motor by inchworm motion using two belts is developed. A rotor is wrapped by two opposite belts which are connected to piezoelectric actuators. A serial lever structure with flexure hinges is used to connect a belt and piezoelectric actuators. The lever structure amplifies micro displacement of a piezoelectric actuator. A rotational motion with the step size of 2.36 rad is obtained through this work. An angular step size can be further reduced by increasing the rotor radius. We present a analysis model of the motor for a design of a similar precise motor.
I. INTRODUCTION
Precise positioning mechanisms used in semiconductor processing equipment and precise test devices such as a scanning profiler 1 must have motion resolution of micron order or less with several tens of centimeters of motion range. Several actuation methods were presented in previous studies. These can be classified into inchworm type, 2-8 inertial drive type, [9] [10] [11] [12] [13] [14] [15] and dual-stage type, 16, 17 in which piezoelectric actuators are used. A piezoelectric actuator is compact in size and suitable to a very precise actuation mechanism. Especially, an inchworm-type motor using a piezoelectric actuator has unlimited motion range and the holding torque can be easily adjusted. Most inchworm motors used in precision instruments are for coarse motion with a submicron resolution. [2] [3] [4] [5] Since initial jittering during the clamping procedure of the inchworm motion is not desirable, silent clamping methods using either electrorheological effect or electrostatic force were adopted for some inchworm motors. [6] [7] An innovative mechanism such as a pantograph type was suggested for easy clamping. 8 Motors with inchworm motion in rotational direction appeared. [18] [19] [20] [21] [22] [23] [24] Inchworm rotary motors can be divided into several types according to their driving mechanisms: using only solid deformation of piezoelectric actuators, 18-20 using roller-clutch, 21 combining torsional piezoelectric actuator, 22 using spring, 23 and using the bending of bimorphs. 24 Most of these motors have an angular step size less than 1 rad. However, some of them have difficulties in assembly because of a strict gap requirement between stator and rotor. [18] [19] [20] 23 Others limit their rotation ranges. [18] [19] [20] [21] In this article, a new precise rotary motor is driven by inchworm motion using two belts. A lever structure with flexure hinges is designed to reduce the number of components and the assembly effort. This rotary motor is able to enhance rotational motion resolution by simply enlarging the rotor radius. Figure 1 shows a simplified diagram of the precise rotary motor and its operation procedure. Four piezoelectric actuators are employed for inchworm motion of the two belts. Piezoelectric actuator A and B are connected through belt a, and piezoelectric actuator C and D through belt b. One end of each actuator is fixed on the base frame. The rotor is supported by a pair of ball bearings. Each cycle repeats six sequences as depicted in Fig. 1 . At the start, the rotor is held by belt a as both actuator A and B stretch simultaneously. In succession, actuator A is further extended while actuator B is contracted ͑sequence 1͒. This sequence makes the wrapped belt move in circumferential direction, and hence, the rotor starts to rotate. Rotation angle of the rotor is given as ϭd/R, ͑1͒
II. PRINCIPLE OF OPERATION
where R is the rotor radius. Similarly, actuator C and D extend together and the rotor is clamped again by the wrapped belt ͑sequence 2͒, but belt a is released as actuator A and B contract ͑sequence 3͒. The rotor starts to rotate further as belt b turns the rotor ͑se-quence 4͒. In sequence ͑5͒, belt a touches the rotor again and sequence ͑6͒ releases belt b. Consequently, one cycle consists of two stepwise rotations. By repeating an incremental rotation, the rotor can be precisely positioned. Figure 2 shows input voltage profiles applied to four piezoelectric actuators. Input voltage V c2 is for clamping and V d is for rotor rotation. By exchanging input voltages to each actuator of the two opposite belts, the reverse rotation can be made easily. Angular velocity can be altered by adjusting a drag time t d during sequences ͑1͒ and ͑4͒.
III. DESIGN
The prototype design is shown in Fig. 3 . Its size is approximately 77ϫ96ϫ20 mm and rotor diameter 30 mm. The piezoelectric actuator is a multilayered type with a length of 18 mm. Serial levers with flexure hinges are useful for displacement amplification of each piezoelectric actuator. Micro motion generated by the piezoelectric actuator is amplified through serial levers with flexure hinges. All lever linkages 
IV. ANALYSIS
Assuming the lever a rigid link, the right flexure hinge ብ in Fig. 4 is regarded as a spring which permits lateral ͑bending͒ and vertical ͑stretching͒ deformation. Since the flexure hinge has enough strength along the vertical direction, only bending is considered as a torsional spring.
As the input voltage V c1 begins to increase, the wrapped belt comes in contact with the rotor, normal force against the rotor commences to increase after actual contact is made between rotor and belt.
A. Rotating angle
A belt extension can be ignored because of the high elastic modulus. From the initial position ͑dashed line͒ in Fig. 5 , the upper lever begins to drag the belt from B to C position. The coordinate origin is set at the rotor center O r . Then point C is given as follows:
Angle is represented as The belt length l is computed in terms of the coordinate C and angle as follows:
Considering Eqs. ͑2͒, ͑3͒, and ͑4͒ together, (x C ,y C ), ⌬ 2 , and are obtained. When switched to reverse direction, the belt clamping end moves into point B from C and unwrapped belt length CD shortens to BE as depicted in Then rotating angle of the rotor is obtained from Eq. ͑1͒.
B. Torque
During the initial stage of wrapping, the belt does not touch the rotor apparently and a tension along the belt is not fully developed. The reaction moments at flexure hinges depend on tilting angle of the levers. There are three moments M 1 , M 2 , and M 3 at each flexure hinges in the lower lever and two moments M 3 and M 4 on the upper lever. Next are the moments acting on flexure hinges
where K b is the bending stiffness of the flexure hinge. A displacement-force relationship of piezoelectric actuator 25 is given by
where, ␣ is an extension coefficient per input voltage, and K p is a mechanical stiffness of piezoelectric actuator. F p represents a preload on piezoelectric actuator. Tilting angles of levers are represented in terms of the piezoelectric actuator extension, u.
The moment equilibrium condition at point O p and O s gives
where F is a transmitted force to the upper lever. Solving Eqs. ͑7͒, ͑8͒, and ͑9͒, each variable can be represented as a function of tilting angle ⌬ 2 as given in
After touching the rotor, belt tension must be considered in the moment equilibrium equations of levers. On coming in contact to the rotor, piezoelectric force is increased up to P c2 , which is done by simply augmenting the input voltage to V c2 . At the end of wrapping, the belt tension reaches to
Normal force f per unit length on the rotor surface is assumed to be uniform. The relationship with belt tension T is given as
Then, maximum torque can be computed as follows:
ϭTR͑Ϫ2͒. ͑13͒
The parameter values used in this section are listed in Table I .
V. PERFORMANCE
The input signals shown in Fig. 2 are generated using a 12-bit digital/analog converters on a PC 486 and applied to the piezoelectric actuators via voltage amplifiers. A rotation angle is obtained by measuring a gap change between a plate mounted on the rotor and a gap sensor. Eddy current type gap sensor ͑AEC-5505͒ is chosen for the measurement of dynamic displacement and angular velocity, but capacitance type sensor ͑ADE Microsense 3401͒ is adopted for a fine angle measurement. Figure 6 shows the characteristics of accumulated angular step motion. The driving signal V d during sequence ͑1͒ or ͑4͒ can be further divided into sub-step signals. The rotation angle of each sub-step period was 5.91 rad per every 0.5 V of input voltage as shown in Fig. 6͑c͒ , and the smallest step size of rotation angle was 2.36 rad. Figure 7 shows a typical successive rotation of the rotor during continuous cycles. Figure 8 shows the adjustable angular step sizes according to various input voltages V d and illustrates angular step size to vary linearly. The estimated value of maximum angular step size was 537 rad when input voltage V d and V c2 was 29 and 40 V, respectively. This result reveals that the experimental value is fairly close to the estimated one through the model. Figure 8 illustrates that angular step size of rotor motion is adjustable and almost identical in both directions.
Angular velocity of the rotor also can be controlled by changing the drag time t d in Fig. 2 . Angular velocities at different driving frequencies ͑different drag time͒ are shown in Fig. 9 . Maximum angular velocity was about 41600 rad/s for 3 ms t d which is equivalent to 100 Hz driving frequency.
Torque versus angular velocity curves on the two clamping voltages is presented in Fig. 10 . Maximum holding torque was about 3.0 Nmm at 40 V of V c2 . Using parameter values in Table I , the estimated value of maximum holding torque is 3.70 Nmm, which is fairly close to the experimental value.
In conclusion, two methods of precise rotation are implemented in this study; Accumulated angular sub-step motion ͑as shown in Fig. 6͒ is adequate for an extremely fine rotation less than 10 rad. Inchworm rotation shown in Fig.  7 is appropriate for continuous rotation and big step motion. Combining a big step motion and sub-step motion as a coarse actuation plus fine actuation, extremely precise angular rotation can be implemented.
